This work is concerned with the evaluation of the mechanical properties of compression moulded fibre reinforced polypropylene composites. Herein commercial glass and jute fibre polypropylene composites pellets were mixed to the content ratio varying in a range from 0 to 30 weight-% each, but to a constant reinforcement fraction of 30 weight-% in total. The different ratios were analyzed in mechanical testing to gain an optimum. The evaluation is proceeded with regard to the densities. The results obtained show how to use jute fibres for more than only a filler. Aimed applications are components where not very high mechanical properties are demanded, but where certain elasticity, weight, price, and environmental impact are important issues, too.
INTRODUCTION
Fibre reinforced polymer composites are widely used in many applications, ranging from automobile industry to civil construction and aerospace industry. Modifying the fibre polymer combination, the composite properties can be altered to the requirements demanded for a specific application.
In the last decades, natural fibres have attracted the attention of scientists and technologists because of their potential use in many applications, not only because of their lower price, their non-toxicity, and their lightweight compared to glass, but also taking into account that natural fibre composites are in most cases environmentally superior compared to glass fibre reinforced composites [1 ] .
The possibility of natural fibres to replace glass fibres in fibre reinforced plastics has been investigated for reinforced polypropylene composites processed by compression moulding using a film stacking method [2 ] , concluding that some specific mechanical properties of natural fibre composites are in some cases better than those of glass and could be used for some particular applications which do not require very high load bearing capabilities.
Among all the natural fibre reinforcing materials jute appears to be a promising material because of its relatively low costs, lightweight, relatively high specific strength and modulus, and it is commercially available [3 ] . Shah et al. [4 ] have studied the mechanical properties of epoxy and polyester resins unidirectional reinforced with jute and glass fibres, concluding that the most appropriate role for the jute fibres is to use them as filler fibres in combination with glass fibres where the strength and modulus requirements are not very demanding.
Some authors have reported studies of mixed natural and glass fibres as polymer reinforcements. Pavithran et al. [5 ] have studied the influence in dispersing a small volume fraction of glass in coir-polyester composites, resulting in an enhancement of its mechanical properties. Thwe et al. [6 ] reported the results of incorporating glass fibres in short bamboo reinforced polypropylene. Mishra et al. [7 ] assessed the mechanical reinforcement obtained by introducing glass fibres in bio-fibre (pineapple leaf fibre and sisal fibre) reinforced polyester composites.
Although long fibre reinforced polypropylene has been widely studied for glass fibres and for many natural fibres, there are not many evidences of works related to the mechanical properties of polypropylene reinforced with hybrid fillers, composed of synthetic and natural fibres, and processed by compression moulding.
MATERIALS AND EXPERIMENTAL PROCEDURES 2.1 Materials and processing equipment
The materials processed to prepare the composite plates were long fibre reinforced thermoplastics (LFRT), semi-finished materials composed of fibres, jute or glass, and polypropylene, in form of rodshaped pellets. The fibres weight ratio in the pellets used for this study was 30 wt.-%. The length of the pellets was 25 mm.
To obtain the material combinations needed for the study, different quantities of jute and/or glass LFRT were mixed, melted, and homogenized in a single screw plasticizing extruder and then pressed in a hydraulic press. Seven different mixtures with both LFRT types were prepared, within two extremes. One material extreme obtained only jute LFRT the other only glass LFRT. The other five composites were done by mixing the two LFRT types resulting in weight ratios of jute and glass fibres of 4: · Plasticizing extruder The LFRT materials were mixed and homogenized to a polymer melt in a plasticizing extruder, (manufacturer: Kannengiesser GmbH, screw diameter 150 mm, length/ diameter coefficient 26), which is supplied with six different temperature zones, each independently controlled.
The main extruder parameters are the rotational speed (10 revolutions per minute), the pressure (60 bar), and the six zones temperatures varying between 170 °C and 185 °C. For the glass fibre reinforcement the temperature has been increased by 20 °C. The polymer melt volume was 1.03 dm³ constantly and the process cycle time was approximately 2.5 minutes.
· Hydraulic press and mould Immediately after the plasticizing process, the polymer melt was transferred directly to the moulding cavity.
The hydraulic press operated for this work was parallel-controlled (manufacturer: J. Dieffenbacher GmbH & Co. KG; model: PHP 800/650) with a maximum force of 8,000 kN, a maximum press closing speed of 800 mm/s combined with a pressure built-up time of less than 0.5 s. The cycle time was 35 s. The parallel control system prevents tilting of the ram. This ensures well-defined and reproducible flow conditions and enables the production of large sized components with an even and very thin wall thickness.
The mould used to press the plates has a rectangularshape surface cavity of 546x546 mm².
The main process parameters are the mould temperature (settings: male mould half 55 °C, female mould half 60 °C), respectively; the closing speed related to the press position (programmed from 80 mm/s at a height of 50 mm to 3 mm/s at a height of 5 mm) and the maximum press force of 3,600 kN, representing an applied pressure of 12.2 MPa.
According to the plates thickness and the form desired there is another consideration to be taken into account: where to place the polymer melt in the cavity. In this case it was put next to one of the press cavity edges to cause a unidirectional flow front ( Fig. 1) .
6SHFLPHQ WDNH RXW DUHD Fig. 1 : Test plate with fibre orientation and specimen take out area (total size: 543 mm x 543 mm).
To get and process the process data, the hydraulic press was coupled with a data acquisition system collecting every 10 ms all the relevant process and machine parameters.
Incoming materials
The glass fibres content was assessed by combustion analysis. The incineration was performed in a muffle furnace at 650 °C as well as by thermo gravimetrical analysis (TGA). The glass fibres (GF) melting point is about 1250 °C. As jute fibres (JF) burn at about 250 °C and polypropylene at about 450 °C, the fibre weight proportion was calculated measuring the total specimens weight before and after the burn process.
Taking into account that jute fibres produce ash after combustion, the percentage of ash in the specimen with no glass fibres was calculated and accordingly subtracted for the other specimens. The thermo gravimetrical analysis confirms this procedure. Fig.  2 shows the TGA-results on a pure jute fibre, which was done in nitrogen gas environment. The TGAresults are showing a reduction in weight at around 100 °C, which can be related to water content and which is only seen with natural fibres. Due to the bigger sized specimens, the furnace investigations equalize fibre distribution inhomogeneities much better.
To determine the jute fibres' content in the composite plates, density measurements were performed. Considering the jute fibres' density of about -) r = 1.42 g/cm 3 [8] , the polypropylene density 0.91 g/cm 3 , and knowing the glass fibres content *) ; , the jute fibres' content -)
; can be calculated as follows:
( 1) as the polypropylene content is:
The glass fibres' density *) r was calculated with the same formula, using the sample with no jute fibres.
As the plates are not completely homogeneous in the fibre distribution ( Fig. 3 ) [9] , samples from different parts of the plates were taken to measure the density neighboured to the area for the specimen of mechanical testing; the mean value of these measurements was taken.
Mechanical testing
Four different testing procedures were adopted to compare the influence of the glass and jute fibre content on the mechanical properties of the specimens by Charpy impact testing, flexural testing, tensile testing, and instrumented falling weight impact tests. For mechanical testing at least 5 specimens each, having orientation for loading in flow (FD) and transverse (TD) direction, were utilized for each test.
Charpy impact testing
Impact tests were performed in accordance with the standard EN-ISO-179-1, method designation ISO: 179-1/2n, and specimen type 2. All the test specimens were not notched. Impact loading was induced with a 15 joule hammer. The impact velocity was 3.7 m/s. The absorbed energy mean value of the five samples tested was taken. The impact strength or toughness was calculated by dividing the absorbed impact energy with the specimens cross section.
Flexural testing
Flexural tests were performed utilizing an universal testing machine (Zwick 1474) in accordance with the standard EN ISO 14125, test method A, three point bending, and specimen type 1. The test rate was 2 mm per minute. The flexural elastic modulus and the flexural strength were calculated from the stressstrain curves.
To compare the material properties taking their weight into account, the specific properties were calculated dividing the values by the density.
Tensile testing
Tensile tests were performed on an universal testing machine (Zwick 1485) in accordance with the standard EN-ISO-527, specimen type 2, and test rate of 2 mm per minute. The tensile elastic modulus and the tensile strength were calculated from the stressstrain curves.
As for the flexural properties, the specific properties were calculated by dividing their values by the density.
Instrumented falling weight impact testing
Instrumented falling weight impact tests, IFWI, (out of plane toughness) were performed in a falling weight impact tower (manufacturer: Ceast) in accordance with the standard EN ISO-6603. The disc support radius was 40 mm. The specimens were impacted with a hemispherical tip dart. The impact mass was 8.357 kg, the impact height was 0.7 m, the impact speed 3.74 m/s, and the dart diameter was 20 mm. Force-displacement and energy-displacement curves were recorded. The energy at crack initiation, LQLW ( , as well as the total energy necessary to penetrate the specimen, WRW ( , were deduced from the experimental data. The specific energies were calculated dividing the values by the specimens' thickness.
The mean disc's modulus, G ( , was calculated from the force deflection curves of the impacted plates:
where ) ; is the slope of the force deflection curve, a is the support radius, and W is the disc thickness [10, 11] .
As the maximum in the force deflection curve is related to the crack initiation, the impact bending strength, s d , can be calculated with the following formula:
The specific properties were calculated dividing the values by the specimens' density. The ductility index, ', , was also calculated as follows:
3 RESULTS AND DISCUSSION 3.1 Fibre content and fibre orientation Table 1 shows the measured values of the composites density, its glass fibre content, its jute fibre content, and the polypropylene percentage. All the raw material samples consist of about 30 wt.-% fibres and 70 wt.-% polypropylene. Table 1 shows also the intended differences of the composites' density with varying jute and glass fibre contents. The composites' density increases as the glass fibres content increases while the jute fibre content decreases. The glass fibres' density calculated with the data in Table  1 is *) r = 2.58 g/cm3. The polypropylene content in the composites was supposed to be about 70 wt.-%, being a bit lower in most of the samples.
As mentioned by other authors already [8, 1 ] , the mechanical properties follow the rule of mixture for fibre and matrix volume content. In the flow direction most of the fibres are oriented along the length of the specimen, that is, perpendicular to the crack propagation direction, being more resistant to the stress than in transverse direction, where the fibres are parallel to the crack propagation direction and where it is, subsequently, easier to break the specimens. To detect the influence of the fibre mix the flow direction is the more important topic to be investigated.
While the semi-finished product and the specimens provide only long fibre reinforcements and not continuous, furthermore, the compression molding process conditions result in a fibre reinforcement distribution, so that an impact of reinforcement perpendicular to the flow direction is possible and will provide more than only pure matrix properties.
Specific toughness -Charpy impact strength
As expected all material mixtures result in anisotropic impact strength behaviour (Fig. 4) . Reasons may be seen in the adherence between the matrix and the two types of fibres and the load transfer between them. Jute fibres are hydrophilic and polypropylene is hydrophobic, so adhesion of the matrix-fibre interface may not be as good as with glass fibre reinforcements only. Another determining factor is the type of polypropylene used, its flow ability may influence the fibres distribution [12] . The ready to use granules were of PP homo-polymer, but may differ in maleic anhydride content (MAHcontent) to improve matrix (natural) fibre adherence. A precise description of the material is not available, but with the investigation of Breitel [1 ] an MAHcontent of max. 0.35 wt.-% shows the best results. Fig. 5 shows the results in flexural testing encountering the densities according to Table 1 . The specific flexural strength and specific flexural modulus in FD are increasing with the glass fibre content, but in the perpendicular direction (TD) there is only a small augmentation as known from other fibre reinforced plastics.
Flexural properties
The specific flexural strength presents an almost linear trend dependency with the glass fibre content, while the specific flexural modulus is almost constant for the samples in each direction. Table 1 : Samples density and glass fibres, jute fibres, and polypropylene ratio in weight-%. The differences in the flexural strength between sample number 1 (without glass fibres) and sample number 7 (without jute fibres) is more significant in FD specimens, where the flexural strength is 76 % higher than in sample number 1. Whereas, for TD specimens dominantly matrix properties with only minor effect of the reinforcement are found.
Both, for FD and TD, the highest specific flexural Emodulus is the test series of sample 4, being 2.4 GPa/ (g/cm 3 ) for the TD and 5.7 GPa/(g/cm 3 ) for FD. strong and several linear crack lines due to the major impact of matrix ductility, while in FD the fibres are oriented perpendicular to the test direction, presenting more resistance to be bended and a more brittle crack line. Fig. 7 represents the specific tensile strengths measured and the specific tensile modulus in the flow direction only in 0° direction to detect the fibre reinforcements impact.
Tensile properties
As shown in Fig. 7 , the specific tensile strength increases almost linearly with the glass fibre content. The specific tensile modulus increases moderately with the glass fibre content up to 14 wt.-%. For further increasing glass fibre contents a decrease of modulus is observed. The maximum specific tensile modulus is that of sample 4 (6.2 GPa/(g/cm³)). Fig. 8 presents the increase in the specific disc modulus and of the specific strength by increasing the glass fibre content. 9 shows the values of the specific energy at crack initiation (E init ) and the specific total energy necessary to penetrate the samples E tot . The linear dependence of both energies with the glass fibre content is very different; as shown in the diagram the slope of the trend line for the total energy (0.23) is much higher than that of the initial energy (0.10).
Falling weight impact testing
The ductility index (DI) according to equation 5, represented in Fig. 10 , is almost constant (with regard to the standard deviation) for all samples, with values between 0.50 and 0.62. The specimens appearance after the falling weight test differs in size and shape depending on the jute and glass fibre content. Both specimens, number 4 ( Fig. 11 middle) and number 1 (Fig. 11 left) have a wide bending circumferential cracking area around the penetration hole, while specimen number 7 ( Fig.  11 right) shows the most appreciable appearance with no break out of the material.
This impact test shows again that the dynamic strength is increasing according to the glass fibre concentration, but the dynamic ductility does not change much. The dynamic test results normalized on the density follows more the rules of mixture and according to the glass fibre content concerning the impact strength and energy absorption on a falling weight impact.
Jute fibres appear to be good filler fibres to be combined with glass fibres to reinforce polypropylene in some particular applications where only moderate mechanical properties or a higher elasticity is required.
For the process conditions reported, the materials present an optimum of impact properties and predictable values of the strengths and modulus. Compared to other fibres available on the market, and taking the price into account, the lightness, the toxicity, and the environment impact of glass and natural fibre combination can be very advantageous than only glass fibres or only natural fibre reinforcements for polypropylene. According to this work the production of composites with more tailored properties in flow compression moulding is possible.
